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Estimating pavement surface thicknesses without requiring large footprint equipment or pavement repairs is critical for the structural
evaluation of airﬁeld pavement. A research team from the U.S. Army Engineer Research and Development Center conducted an eval-
uation of eleven nondestructive technologies, including eight ground penetrating radar (GPR) devices and three wave propagation tech-
nologies, on twenty-one hot-mix asphalt concrete (AC) and nineteen portland cement concrete (PCC) test locations with varying
pavement thicknesses. The diﬀerent technologies were used to estimate pavement thickness over predetermined test points. For each
pavement structure, a core was extracted from one of the test points to provide calibration data of each testing device for data reﬁnement.
The accuracy of each technology was quantiﬁed by calculating the absolute diﬀerence between the actual core measurement and the esti-
mated thickness measurement. The results from the devices tested led to the conclusion that separate devices are required on AC and
PCC for optimal performance. The ultrasonic tomography and impact echo devices worked best on PCC surfaces, and the 1 GHz horn
antenna GPR devices performed best on AC surfaces. The side-by-side testing demonstrated the capabilities of the technologies on vary-
ing pavement structures without discrepancies that would likely occur when comparing one set of results to those from a diﬀerent study.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The U.S. Army Engineer Research and Development
Center (ERDC) evaluated nondestructive testing devices
that estimated the top pavement layer thickness, which is
a critical component of the data needed to accurately assess
the structural capacity of the pavement. Coring is often
used to measure thicknesses; however, it is destructive
and requires bulky equipment, a water source, and
atching materials. Estimating pavement thickness byhttp://dx.doi.org/10.1016/j.ijprt.2016.03.001
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Peer review under responsibility of Chinese Society of Pavement
Engineering.nondestructive means saves labor, materials, and time,
which results in signiﬁcant monetary and resource savings.
The ERDC research team evaluated eleven nondestruc-
tive devices, including eight that employed ground pene-
trating radar (GPR) technology and three that employed
wave propagation technology. These technologies are
described but not identiﬁed by manufacturer name to pre-
vent unintentional endorsement. The devices were evalu-
ated on twenty-one hot-mix asphalt concrete (AC)
pavement test points and nineteen portland cement con-
crete (PCC) test points. Table 1 provides test point infor-
mation, including the pavement layer composition,
thickness, and age.
Vendors and researchers provided initial thickness esti-
mates of the test points based on the results of testing with
their respective devices. A core for each type of pavementhosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
Table 1
Constructed/reported thicknesses of test points.
Test Site Age of pavementa Layer 1 (measured from cores) Layer 2 (construction data)b Layer 3 (construction data)
1 Poor House <4 months 7.7 cm AC 15.2 cm limestone 25.4 cm clay gravel
2 Poor House <4 months 8.1 cm AC 15.2 cm limestone 25.4 cm clay gravel
3 Poor House <4 months 7.5 cm AC 15.2 cm limestone 25.4 cm clay gravel
4 Poor House <4 months 12.3 cm AC 29.7 cm PCCb 15.2 cm gravel
5 Poor House <4 months 11.5 cm AC 31.0 cm PCCb 15.2 cm gravel
6 Poor House <4 months 13.0 cm AC 30.0 cm PCCb 15.2 cm gravel
7 Poor House <4 months 16.7 cm AC 15.2 cm limestone 15.2 cm gravel
8 Poor House <4 months 16.3 cm AC 15.2 cm limestone 15.2 cm gravel
9 Poor House <4 months 14.6 cm AC 15.2 cm limestone 15.2 cm gravel
10cal Poor House <4 months 6.6 cm AC 15.2 cm limestone 15.2 cm gravel
21 Forest Service Road 23 years 11.4 cm AC N/A N/A
22 Forest Service Road 23 years 12.2 cm AC N/A N/A
23 Forest Service Road 23 years 11.3 cm AC 10.2 cm limestone N/A
24 Forest Service Road 23 years 11.4 cm AC 10.2 cm limestone N/A
25 Forest Service Road 23 years 22.2 cm AC 20.3 cm limestone N/A
26cal Forest Service Road 23 years 23.5 cm AC 20.3 cm limestone N/A
27 Forest Service Road 23 years 21.0 cm AC 15.2 cm limestone N/A
28 Forest Service Road 23 years 24.1 cm AC 15.2 cm limestone N/A
29 Forest Service Road 23 years 31.6 cm AC 10.2 cm limestone N/A
30 Forest Service Road 23 years 23.4 cm AC 10.2 cm limestone N/A
31cal Forest Service Road 23 years 13.4 cm AC Unknown N/A
11 Poor House <4 months 21.4 cm PCC 15.2 cm limestone N/A
12 Poor House <4 months 63.4 cm PCC 15.2 cm limestone N/A
13 Poor House <4 months 63.3 cm PCC 15.2 cm limestone N/A
14 Poor House <4 months 62.5 cm PCC 15.2 cm limestone N/A
15 Poor House <4 months 37.9 cm PCC 15.2 cm limestone N/A
16 Poor House <4 months 38.0 cm PCC 15.2 cm limestone N/A
17 Poor House <4 months 39.4 cm PCC 15.2 cm limestone N/A
18 Poor House <4 months 19.2 cm PCC 15.2 cm limestone N/A
19 Poor House <4 months 20.3 cm PCC 15.2 cm limestone N/A
20 Poor House <4 months 21.2 cm PCC 15.2 cm limestone N/A
32 Forest Service Road 6 months 19.9 cm PCC 76.2 cm ﬂowable ﬁll N/A
33 Forest Service Road 6 months 12.1 cm PCC 76.2 cm ﬂowable ﬁll N/A
34cal Forest Service Road 6 months 22.3 cm PCC 76.2 cm ﬂowable ﬁll N/A
35 Forest Service Road 6 months 32.3 cm PCC 30.5 cm compacted gravel N/A
36 Forest Service Road 6 months 19.7 cm PCC 30.5 cm compacted gravel N/A
37 Hangar 4 9 months 26.7 cm PCC 33.0 cm limestone N/A
38 Hangar 4 9 months 26.4 cm PCC 33.0 cm limestone N/A
39 Hangar 4 9 months 28.5 cm PCC 33.0 cm limestone N/A
40cal Hangar 4 9 months 22.6 cm PCC 45.7 cm limestone N/A
cal Calibration test point.
a Approximate age of pavement during testing. Newly constructed PCC pavement was not tested until 28 days after placement.
b Measured from cores. Layers 2 and 3 thickness data were estimated from construction documents, except where indicated.
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thicknesses of the top pavement layers were determined
based on post-calibration calculations. Devices were evalu-
ated in terms of thickness measurement accuracy and
implementation diﬃculty.
2. Materials and methods
2.1. Ground penetrating radar (GPR) technology
GPR technology has been used to locate pavement layer
interfaces, buried utilities, voids, and items such as rebar.
Air-coupled systems are mounted oﬀ the ground to facili-
tate rapid data collection and can operate eﬀectively at
highway speeds. Ground-coupled systems are placed onthe ground and require either moving the device along
the pavement by hand or by cart.
To determine the pavement thickness with GPR devices
using pulsed systems (air-coupled or ground-coupled), a
short electromagnetic pulse is transmitted into the pave-
ment. When the electromagnetic wave encounters an inter-
face with a dielectric discontinuity, the electromagnetic
wave is partially reﬂected back to the receiving antenna.
The relationships between the layer thicknesses, dielectric
constants, and the reﬂection amplitudes have been
described by Scullion et al. [1]. A limitation of the
ground-coupled antenna method is that dielectric constants
cannot be estimated from the collected data and must be
assumed or calculated using cores. Air-coupled systems
provide estimated dielectric values based on data collected.
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system, which utilizes a range of frequencies.
GPR has many advantages and disadvantages that
should be considered:
 Materials with similar dielectric constants are diﬃcult to
distinguish.
 Automated processing of GPR data has not advanced
enough to be reliable for routine use, and manually pro-
cessing GPR data is time-consuming and requires expe-
rience [2].
 Higher frequency GPR systems yield better resolution
data but are limited in penetration depth. Lower fre-
quency GPR systems can penetrate deeper but are lim-
ited in resolution.
 PCC, especially when newly constructed, attenuates the
GPR signal and reduces the penetration depth [3].
Freshly placed concrete has high free water and dis-
solved salt content, resulting in high attenuation of the
GPR signal [4].
The 2 GHz GPR antenna was a ground-coupled single
antenna system. Setup of the system was completed in less
than 5 min. Data acquisition consisted of moving the small
GPR antenna by hand across the test locations. Data were
collected at a rate of 197 scans per meter, and the acquisi-
tion time for each test location was approximately 30 s.
The other ground-coupled single antenna system
employed a 1.5 GHz antenna attached to a cart equipped
with a distance measuring instrument (DMI) to assist in
ease of data collection. Setup took less than 5 min. Data
were collected at a rate of 131 scans per meter, and an elec-
tronic trigger was activated as the antenna traveled over
the test location. The acquisition time for each test location
was approximately 30 s.
Dual 1.5 MHz ground-coupled antennas were used in a
common midpoint (CMP) method. This apparatus con-
sisted of the two antennas, a controller, a wooden frame
to hold the antennas, a plastic sheet to aid in the movement
of the antennas, and a DMI. The two antennas, one trans-
mitting and one receiving, were attached to a wooden
frame that employed a pulley system to control the move-
ment of the two antennas so that they moved at equal dis-
tances in opposite directions from a common initial
starting position. GPR data and distance data were
recorded as the antennas moved; GPR data were collected
every 1 mm. It took approximately 10 min to set up the
system and 2–5 min to acquire data for a single location
using this method. Extensive post-processing was required
after the data collection.
Two devices using 1 GHz air-coupled horn antennas
(systems A and B, respectively), from diﬀerent manufactur-
ers, were evaluated in this study. Setup of the horn anten-
nas required attaching them to the vehicle and connecting
the cables. Setup required approximately 30 min, but the
actual testing of each test point was rapidly executed
(<10 s), because all that was required was that the hornantenna be driven over the test locations. To determine
the dielectric constants, a metal plate calibration was com-
pleted prior to testing. A bounce test to account for the
changes in antenna height was completed prior to testing
to enhance the data processing later for the GPR A system.
The metal plate calibration and bounce test took an addi-
tional 15 min. Data were collected at 33 scans per meter of
travel for the GPR A system and 50 traces per second for
the GPR B system.
One of the multi-antenna systems tested consisted of
two small, portable ground-coupled GPR antennas
(900 MHz and 1.5 GHz) that took approximately 30 min
to setup. The 900 MHz antenna came with a pole attach-
ment that allows the user to push the system along the
pavement test site. The 1.5 GHz ground-coupled antenna
had wheels to assist with moving the antenna along the
pavement. Testing took less than 30 s per location for both
antenna systems. As a general rule, for pavements equal to
or less than 46 cm thick, the 1.5 GHz antenna was used. If
the pavement was thicker than 46 cm, the 900 MHz
antenna was used.
The other multi-antenna system consisted of four diﬀer-
ent ground-coupled GPR antennas with frequencies of
800 MHz, 1.2 GHz, 1.6 GHz, and 2.3 GHz on an utility
cart with a control system and laptop for data collection.
Setup required about 30 min, but testing was rapid (less
than 1 min per test location), as data were collected as soon
as the cart was rolled over the testing location. While all
four antennas were tested, the best antennas for this study
were the 2.3 GHz antenna for shallow depths and the
800 MHz antenna for the deeper depths.
The 3D radar system operates in the step-frequency
mode and provides three-dimensional data. The system
covers a frequency range from 140 MHz to 3 GHz, with
a step frequency of 2 MHz. The antenna was 1.8 m wide
and had 21 channels spaced 7.5 cm apart. Setup of the
equipment required approximately one hour. Data were
collected as the antenna traveled over the test location.
High-resolution data were collected during testing, and
thus, the vehicle had to travel at a slow speed averaging
3 km/h. Data are available in real time during collection
for thickness estimation, but further analysis and process-
ing are required before thickness data can be more accu-
rately determined. Similar to the ground-coupled GPR
systems, this system required an estimated dielectric
constant.
2.2. Wave propagation technologies
Wave propagation methods include those based on
sonic, seismic, and vibration methods. These nondestruc-
tive methods measure dynamic properties related to physi-
cal conditions [5].
Impact echo methodology involves using an impact
source on the surface of the pavement to create low fre-
quency stress waves in the pavement and transducers on
the surface of the pavement to measure the reﬂecting waves
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fast Fourier transform is used to convert the displacement
versus time signals to the frequency domain to provide data
about ﬂaw location, such as at layer interfaces [6]. Mechan-
ical wave techniques are not as successful in AC pavements
because of the lower modulus, as well as the changes in
modulus resulting from changes in temperature [7].
Ultrasonic tomographic imaging is another type of
mechanical wave based technology that uses sound waves
(>20 kHz) to penetrate pavement and generate images.
Early ultrasonic methods were problematic, because they
required a coupling liquid and were not able to penetrate
suﬃciently. A new technology utilizing dry point contact
(DPC) transducers has advanced the use of ultrasonic
imaging. This technology has been used extensively for
PCC-related applications, such as for detecting reinforce-
ment, thickness determinations, delaminating detection,
and the diagnostics of joints [8].
The ultrasonic tomography technology tested has pri-
marily been used for concrete imaging applications to non-
destructively view objects such as holes, cracks, and
reinforcement bars within the concrete. It operates in a fre-
quency range of 20–100 kHz and at an average frequency
of 50 kHz. There are 45 transmitting and receiving
transducer-paired measurements that allow for redundancy
to conﬁrm measurements when measuring heterogeneous
materials such as PCC and AC. The device is adaptable
to rough surfaces, because each transducer has a wear-
resistant ceramic pin and independent spring load. Minimal
setup is required for this device, and a single measurement
takes 3 s. DPC transducers can measure up to 1 m deep,
but only the top pavement layer can be measured.
The multiple impact surface waves (MISW) method esti-
mates the surface wave velocity of layered systems along
the depth by using the dispersive characteristics of surface
waves. MISW equipment consisted of a measuring tape,
instrumented hammer (91 g), seismic accelerometer,
lithium-based grease, and a computer. Each test, including
setup, took approximately 10–15 min. All of the equipment
had to be moved from location to location, which increased
the total testing time. The accelerometer was placed on the
location of interest with the lithium-based grease to hold it
in place, and a measuring tape was stretched to 1.5 m away
from the accelerometer. The hammer was used to tap the
pavement four times every 5 cm, starting at the accelerom-
eter. The ﬁrst tap was a seating tap, and the last three taps
were averaged. The hammer was instrumented to trigger
data acquisition. The accelerometer measured the Rayleigh
waves (surface waves) propagating through the concrete.
Data processing involved the determination of the varia-
tion of the surface wave velocity with depth by using the
dispersive characteristics of surface waves [9]. Since the
MISW method can estimate the surface wave velocity of
the material by using the surface wave measurement, it
should require less correction via the calibration cores. A
limitation of MISW is the presence of cracks in the pave-
ment, as surface waves do not propagate through them.The impact echo device consisted of an impactor that
induces vibration in the pavement which is reﬂected back
to the receiver of the device. For pavements with thick-
nesses 10–61 cm, the built-in impactor should be used. A
small hammer (113 g) should be used for pavements 30–
91 cm thick. Setup required less than 5 min, because all
that was required was for the computer to be turned on
and the cables to be connected. Data acquisition took
approximately 1 min per test location, and thickness esti-
mates are displayed immediately. If the thickness of the
pavement was unknown, the compression wave velocity
was given an estimated value that is typical of the pave-
ment material being tested. Once calibration cores were
provided, the compression wave velocity was determined
for each pavement type. The impact echo method may
not provide accurate data for pavements less than 8 cm
thick because of the high-frequency impact required.
2.3. Testing
Devices were evaluated at three diﬀerent sites at ERDC
in Vicksburg, MS, called Poor House, Forest Service Road,
and Hangar 4 (Table 1). A custom AC and PCC test sec-
tions were built for this testing at the Poor House to
include a variety of thicknesses to test. The AC pavements
tested were constructed of highway quality, typical dense-
graded asphalt with a coarse gradation. The PCC pave-
ments were plain, unreinforced concrete constructed with
airﬁeld quality mixes with a target ﬂexural strength of
4.5 MPa and a compressive strength of 34.5 MPa, with
the exception of the Forest Service Road PCC, which
had a target compressive strength of 27.6 MPa. All test
points with similar material properties also had a
calibration point (actual measured core thickness)
associated with them. Once initial thickness estimates were
provided, calibration thicknesses were provided. Core
thicknesses were determined by taking the average of three
measurements.
Data were collected for each device at each of the test
locations, which was one point of each pavement type,
marked with spray paint. For GPR testing, metallic tape
was placed on the pavement 61 cm prior to the test point
for identiﬁcation purposes during post-processing. The
devices collected only data at the marked test points within
the pavement structures. All devices were tested in similar
sunny weather, except for the ultrasonic device and the
800 MHz, 1.2 GHz, 1.6 GHz, and 2.3 GHz multi-antenna
GPR, which were tested during and immediately after a
light shower.
3. Results and discussion
For this evaluation, the comparisons were focused on
only the top (surface) pavement layer. For each of the
devices, three values per test point were computed to eval-
uate accuracy. The diﬀerence error was calculated as the
absolute diﬀerence between the predicted thickness mea-
Table 2
Performance data from the tested devices for all test locations, ranked by the average diﬀerence error.
Device Average
diﬀerence
errora (cm)
R2 valueb % Errorc % Test
locations
measuredd
1 GHz air-coupled GPR (A), calibrated 0.81 0.97 4.97 73
1 GHz air-coupled GPR (B), calibrated 1.01 0.95 4.94 63
1 GHz air-coupled GPR (A) 1.29 0.96 7.71 73
Ultrasonic tomography 1.31 0.98 9.21 70
1.5 GHz ground-coupled GPR, calibrated 2.21 0.71 13.92 80
1 GHz air-coupled GPR (B) 2.67 0.80 15.90 70
1.5 GHz ground-coupled GPR 2.79 0.68 15.74 83
Impact echo corrected, calibratedf 2.92 0.89 12.85 98
MISW, calibratede 2.92 0.91 19.22 78
800 MHz, 1.2 GHz, 1.6 GHz, and 2.3 GHz ground-coupled GPR, calibrated 3.25 0.85 13.30 100
1.5 GHz dual ground-coupled CMP GPR, calibrated 3.47 0.38 14.04 80
Impact echo correctedf 3.88 0.85 20.83 98
1.5 GHz dual ground-coupled CMP GPR 4.26 0.31 20.77 83
Impact echo, calibrated 4.63 0.51 33.83 100
MISWe 5.33 0.87 44.77 78
3D GPR, calibrated 5.37 0.41 16.40 100
Impact echo 5.81 0.39 37.13 90
2 GHz-ground-coupled GPR, calibrated 5.97 0.34 20.14 100
800 MHz, 1.2 GHz, 1.6 GHz, and 2.3 GHz ground-coupled GPR 6.03 0.38 22.96 100
900 MHz and 1.5 GHz ground-coupled GPR, calibrated 6.37 0.17 18.87 100
3D GPR 9.86 0.03 36.43 100
2 GHz ground-coupled GPR 11.37 0.03 40.14 100
900 MHz and 1.5 GHz ground-coupled GPR 18.27 0.22 70.39 100
The error at this location was greater than 50 cm than the other error measurement within the same dataset (Fig. 1).
a Diﬀerence error was calculated as the absolute diﬀerence between the device predicted thickness and the actual thickness of the core. These errors for
all the test locations were averaged for each method.
b Coeﬃcient of determination.
c Percent error was calculated by taking the absolute diﬀerence between the thickness predicted with the devices and the actual thickness of the core,
dividing this diﬀerence by the actual thickness, and multiplying by 100.
d Percentage of test locations measured by the device; some devices were unable to provide estimated thicknesses at some of the locations.
e The MISW broke during testing, so data for the remaining sections were not able to be collected.
f An apparent outlier, at test location 33, was removed from this dataset to provide a more accurate representation of the results.
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measurement. The average of these diﬀerences was calcu-
lated for all of the test locations and was used as the main
value to evaluate accuracy of the devices. The coeﬃcient of
determination, R2, of each device for all the test locations
was reported as a measure of how well the estimated data
linearly correlated with the actual core thicknesses. Addi-
tionally, because the percent error is often what is reported
in the literature, it was calculated and included so that
these devices could be compared to the performance of
those listed in the literature. These four values are listed
and ordered by the average diﬀerence error in Table 2 for
all test locations (combined AC and PCC test locations),
Table 3 for AC test locations only, and Table 4 for PCC
test locations only.
Because it is diﬃcult to determine the actual thickness
diﬀerence with the percent error, it was not used as the
main measure of accuracy. For a given thickness diﬀerence,
thicker pavement test locations have smaller percent errors
than that for thinner pavements. The percentage of test
locations measured was also computed. The number is cru-
cial, because the device may have provided data with favor-
able error values, but the device is beneﬁcial only if themajority of the thicknesses are measured. Some devices
were unable to provide thicknesses because the data were
too noisy to provide a solution.
Vendors and researchers for all devices, except for the
ultrasonic tomography device, provided both initial results
and results after calibration upon receiving the selected
core thicknesses. Error values were also computed for the
calibrated data and are listed in Tables 2 through 4.
3.1. Device performance
For the combined AC and PCC test locations, three
devices performed well, with average errors from 0.81 cm
to 1.31 cm and percent errors from 4.97% to 9.21%. The
ultrasonic tomography performed best overall, measuring
70% of the test locations with an average error of
1.31 cm without requiring calibration. The predicted values
plotted with the actual core thicknesses for selected devices
in Figs. 1–3 graphically show the correlation between the
values.
The 1 GHz air-coupled antenna (A) provided good
results, measuring 73% of the data with uncalibrated and
calibrated average errors of 1.29 and 0.81 cm, respectively.
Table 3
Performance data from the tested devices for AC locations only, ranked by the average diﬀerence error.
Device Average
diﬀerence
errora (cm)
R2 valueb % Errorc % Test
locations
measuredd
1 GHz air-coupled GPR (B), calibrated 0.49 0.99 3.32 100
3D GPR, calibrated 0.61 0.99 4.35 100
1 GHz air-coupled GPR (A), calibrated 0.62 0.98 4.53 100
1 GHz air-coupled GPR (A) 0.94 0.98 6.96 100
1 GHz air-coupled GPR (B) 0.96 0.99 6.80 100
1.5 GHz ground-coupled GPR, calibrated 1.40 0.93 10.29 95
900 MHz and 1.5 GHz ground-coupled GPR, calibrated 1.47 0.71 7.99 100
800 MHz, 1.2 GHz, 1.6 GHz, and 2.3 GHz ground-coupled GPR 1.58 0.98 13.70 100
1.5 GHz ground-coupled GPR 1.58 0.91 10.85 100
Ultrasonic tomography 1.76 0.51 19.61 43
800 MHz, 1.2 GHz, 1.6 GHz, and 2.3 GHz ground-coupled GPR, calibrated 1.81 0.88 12.69 100
2 GHz ground-coupled GPR, calibrated 2.10 0.71 15.43 100
1.5 GHz dual ground-coupled CMP GPR, calibrated 2.11 0.65 13.51 100
1.5 GHz dual ground-coupled CMP GPR 2.95 0.65 22.11 100
MISW, calibratede 3.91 0.74 27.26 100
2 GHz ground-coupled GPR 4.37 0.71 28.92 100
Impact echo, calibrated 4.71 0.67 34.50 100
Impact echo corrected, calibrated 4.71 0.67 22.08 100
3D GPR 5.16 0.99 34.71 100
Impact echo 6.79 0.64 38.78 81
Impact echo corrected 6.79 0.64 38.78 81
MISWe 7.17 0.69 64.09 100
900 MHz and 1.5 GHz ground-coupled GPR 10.18 0.21 58.37 100
a Diﬀerence error was calculated as the absolute diﬀerence between the device predicted thickness and the actual thickness of the core. These errors for
all the test locations were averaged for each method.
b Coeﬃcient of determination.
c Percent error was calculated by taking the absolute diﬀerence between the thickness predicted with the devices and the actual thickness of the core,
dividing this diﬀerence by the actual thickness, and multiplying by 100.
d Percentage of test locations measured by the device; some devices were unable to provide estimated thicknesses at some of the locations.
e The MISW broke during testing, so data for the remaining sections were not able to be collected.
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well once the data were calibrated, with a calibrated aver-
age error of 1.01 cm and R2 of 0.95, but had a lower per-
centage of test locations measured, 63%.
As expected, GPR devices were more accurate for the
AC sections, and they were able to measure the majority
of the AC test locations. The GPR methods that were able
to measure 100% of the AC test locations and have 0.96 cm
or less error were the calibrated and uncalibrated 1 GHz
air-coupled antenna (B), calibrated 3D GPR, and the cali-
brated and uncalibrated 1 GHz air-coupled antenna (A).
While the two 1 GHz air-coupled GPR antennas pro-
vided accurate results (error of 0.96 cm or less), they also
require post-processing that would have to be executed
by a trained user. Additionally, the calibration process,
which improved the data marginally, would require a
trained user as well. Based on these results, 1 GHz air-
coupled GPR data could be used without the calibration
for AC, as the calibration process only decreased the error
by 0.47 cm or less. The air-coupled antennas are quite large
and bulky and would require at least 30 min of setup time
prior to using. However, they can be mounted on a vehicle,
and once they are setup, they can collect data easily.The 3D GPR system had results that were very accurate
once calibrated, with an average error of 0.61 cm, but the
error from the initial data was quite large (5.16 cm). The
post-processing for the thickness data would require a
trained user, and the calibration process would be required
to achieve results accurate to 1 cm.
The ground-coupled antennas did not perform as well as
the air-coupled antennas. If the ground-coupled antennas
are used, they require calibration because dielectric con-
stants are not actively measured by the devices. Assumed
dielectric constants were not provided by the device opera-
tors and are not reported for this study. A beneﬁt of the
ground-coupled systems is that they are very small and por-
table. The 1.5 GHz and the combined 900 MHz and
1.5 GHz ground-coupled GPR systems produced thickness
error results of 1.40 and 1.47 cm, respectively, when the
data were calibrated. Additionally, these devices were able
to measure at least 95% of the AC test locations.
The wave propagation methods, as expected, did not
perform as well on the AC test sections. The average error
for these methods was no greater than 1.76 cm. The ultra-
sonic tomography had the lowest error of the mechanical
wave methods on AC test locations, but it was able to
Table 4
Performance data from the tested devices for PCC locations only, ranked by the average diﬀerence error.
Device Average
diﬀerence
errora (cm)
R2 valueb % Errorc % Test
locations
measuredd
Impact echo corrected, calibratedf 0.82 0.99 2.07 95
MISW, calibratede 0.86 0.99 2.35 53
Ultrasonic tomography 1.09 0.99 4.28 100
Impact echo correctedf 1.13 0.99 3.87 95
1 GHz air-coupled GPR (A), calibrated 1.30 0.93 6.14 42
MISWe 1.47 0.99 4.19 53
1 GHz air-coupled GPR (A) 2.21 0.87 9.69 42
1.5 GHz ground-coupled GPR, calibrated 3.56 0.02 19.98 63
1 GHz air-coupled GPR (B), calibrated 3.75 0.85 13.49 21
Impact echo, calibrated 4.53 0.36 33.08 100
800 MHz, 1.2 GHz, 1.6 GHz, and 2.3 GHz ground-coupled GPR, calibrated 4.83 0.77 13.98 100
1.5 GHz ground-coupled GPR 4.89 0.01 24.30 63
Impact echo 4.93 0.31 35.65 100
1.5 GHz dual ground-coupled CMP GPR, calibrated 6.08 0.02 15.05 58
1.5 GHz dual ground-coupled CMP GPR 6.56 0.04 18.44 63
1 GHz air-coupled GPR (B) 7.80 0.16 43.22 37
2 GHz ground-coupled GPR, calibrated 10.24 0.12 25.34 100
3D GPR, calibrated 10.62 0.02 28.44 100
800 MHz, 1.2 GHz, 1.6 GHz, and 2.3 GHz ground-coupled GPR 10.95 0.09 33.19 100
900 MHz and 1.5 GHz ground-coupled GPR, calibrated 11.80 0.00 30.89 100
3D GPR 15.05 0.02 38.33 100
2 GHz ground-coupled GPR 19.10 0.02 52.54 100
900 MHz and 1.5 GHz ground-coupled GPR 27.22 0.07 83.69 100
The error at this location was greater than 50 cm than the other error measurement within the same dataset (Fig. 1).
a Diﬀerence error was calculated as the absolute diﬀerence between the device predicted thickness and the actual thickness of the core. These errors for
all the test locations were averaged for each method.
b Coeﬃcient of determination.
c Percent error was calculated by taking the absolute diﬀerence between the thickness predicted with the devices and the actual thickness of the core,
dividing this diﬀerence by the actual thickness, and multiplying by 100.
d Percentage of test locations measured by the device; some devices were unable to provide estimated thicknesses at some of the locations.
e The MISW broke during testing, so data for the remaining sections were not able to be collected.
f An apparent outlier, at test location 33, was removed from this dataset to provide a more accurate representation of the results.
108 L. Edwards, H.P. Bell / International Journal of Pavement Research and Technology 9 (2016) 102–111measure only 43% of the AC test locations. The other of
these type devices had errors of at least 3.91 cm for cali-
brated and uncalibrated data.
Two of the devices (impact echo and ultrasonic tomog-
raphy) that performed the best on the PCC test locations
had errors less than 1.2 cm, R2 values of 0.99 or higher,
percent errors of 5% or less, and were able to measure
95% of the PCC test locations. The ultrasonic tomography
device was the only one able to measure all the PCC test
locations with a low error (1.09 cm) without a calibration
process. The R2 value was 0.99, and the percent error
was 4.28%. It was easy to use, provided real time measure-
ments, and did not require calibration to achieve this accu-
racy for the PCC test locations. It should also be noted that
there was intermittent rain throughout the day during test-
ing. However, rain does not aﬀect the data as long as there
is no standing water on the pavement being tested.
The impact echo device had the lowest error once the
data were calibrated with core data and an apparent out-
lier was removed. The impact echo device measured
100% of the PCC test locations. With all of the original
data, the impact echo device provided data with anaverage diﬀerence error of 4.93 cm and when calibrated,
4.53 cm. However, upon inspection of the data, it was
clear that at test location 33, the error measurement was
much greater (>50 cm) than the remainder of the impact
echo errors (Fig. 1). Once this apparent outlier was
removed, the average diﬀerence error dropped to 1.13 cm
when not calibrated and 0.82 cm when calibrated. For this
corrected dataset, the calibrated R2 value was 0.99, and the
calibrated percent error was 2.07%. The impact echo
device was also easy to use and was able to provide real-
time results.
While the MISW also provided low error data for
PCC test locations, with an average diﬀerence error of
1.47 cm, only 53% of the PCC test locations were mea-
sured. When calibrated, the average diﬀerence error
decreased to 0.86 cm. The equipment broke during the
testing, which led to the low percentage of test locations
measured. Therefore, it is diﬃcult to draw ﬁnal conclu-
sions from these data. The MISW was time and labor
intensive for both data collection and processing. An
automated version of this device would be required for
implementation.
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Fig. 1. Performance results for the wave propagation devices, ultrasonic
tomography and impact echo.
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Fig. 2. Performance results for single antenna air-coupled 1 GHz GPR
devices.
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relatively low error of 1.3 cm, but this system was able to
measure only 42% of the PCC test locations. The 1 GHz
air-coupled GPR (B) was very similar in technology, but
the results diﬀered greatly, measuring only 21% of the
PCC test locations with an error measurement of 7.80 cm
uncalibrated and 3.75 cm when calibrated. As expected,
the GPR signal was attenuated by the PCC pavement
material. This attenuation and diﬀerence in data analysis
produce inconsistent results for this type of technology
on PCC.
3.2. Eﬀect of calibration
All of the devices tested in this study provided calibrated
data except for the ultrasonic tomography device, and
results for the total, AC only, and PCC only test locations
are listed in Table 5. The calibration process improved the
accuracy of all but one method for the AC test locations
(the combined 800 MHz, 1.2 GHz, 1.6 GHz, and 2.3 GHz
ground-coupled GPR). Generally, the ground-coupled
GPR systems improved by a greater margin, because thedielectric constants have to be estimated during initial data
collection, and the amount of improvement depends on
how close the assumed dielectric constant was to the actual
dielectric constant. The method that used the 900 MHz and
1.5 GHz ground-coupled GPR reported several layers for
many of the AC test locations during the initial estimate,
most likely representing the diﬀerent lifts during AC place-
ment. However, it was diﬃcult to determine which layers
were actually the same types of pavement, so only the ﬁrst
layer was used for the error calculations. This method had
one of the highest percent improvements after the calibra-
tion core thicknesses were provided. The dramatic
improvement can be seen by comparing the slope of the
regression lines in Fig. 3 (ground-coupled GPR) to that
in Fig. 2 (air-coupled GPR).
The air-coupled GPR antennas showed more improve-
ment with calibration in the PCC test sections than in the
AC test sections. The wave propagation methods required
calibration for the AC test locations more than the PCC
test locations for better accuracy, probably because of the
variability in temperature and modulus in the AC
pavement.
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Fig. 3. Performance results for the multi-antenna ground-coupled GPR
devices.
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The ERDC performed ﬁeld evaluations of nondestruc-
tive testing devices to measure pavement thickness. The
main measure of error, deﬁned as the absolute diﬀerence
between the device-measured thickness and actual core
thickness, was used to gauge the performance of the
devices. The coeﬃcient of determination and percent errorTable 5
Eﬀect of calibration, ranked by percent improvement of the total test location
Device Tota
900 MHz and 1.5 GHz ground-coupled GPR 65
1 GHz air-coupled GPR (B) 62
2 GHz ground-coupled GPR 47
800 MHz, 1.2 GHz, 1.6 GHz, and 2.3 GHz ground-coupled GPR 46
MISW 45
3D GPR 43
1 GHz air-coupled GPR (A) 37
Impact echo corrected 25
1.5 GHz ground-coupled GPR 21
Impact echo 20
1.5 GHz dual ground-coupled CMP GPR 19was also computed for a more descriptive evaluation of the
devices.
The ultrasonic tomography performed the best overall
on PCC, measuring all the PCC test locations with a low
error of 1.09 cm without requiring calibration. The error
for AC test locations was higher at 1.76 cm, but only
43% of the AC test locations produced measurements,
and thus, its use is not recommended for AC. The impact
echo device also had good calibrated results on the PCC
pavements (error of 0.82 cm) once the apparent outlier
was removed. Calibration improved the device by
0.31 cm but could be used without calibration if precision
was not a concern.
For AC, the horn antenna methods performed the best
by giving low error (<1.00 cm) thickness measurements
100% of the time. While calibration with cores improved
the data, it was not by a high margin (<0.5 cm); therefore,
calibration could be eliminated if necessary. Ground-
coupled antennas required calibration cores to improve
the accuracy, because their accuracy depended on how
close the estimated dielectric constant was to the actual
pavement dielectric constant. Determining which ground-
coupled frequency to use is diﬃcult because penetration
depends on the material.
Ease of use is extremely important for the implementa-
tion of these devices. The ultrasonic tomography device
required the least amount of training and experience. The
impact echo device was also simple to use. However, for
thick pavements (>30 cm), the built-in impactor is not suf-
ﬁcient, and the hammer is required. Experience with the
device is required for accurate and consistent results. The
GPR methods, both horn antennas and ground-coupled
antennas, require a trained user with experience, especially
if the layer interfaces are diﬃcult to detect. The MISW was
extremely time consuming and required a trained user to
post-process the data.
The side-by-side testing was beneﬁcial as the testing was
able to eliminate discrepancies that would likely result from
comparing results to those with varying concrete mixtures
and environmental conditions from other studies. The
results from the devices tested led to the conclusion that
separate devices are required for AC and PCC pavements.s.
l % improvement AC % improvement PCC % improvement
86 57
49 52
52 46
15 56
46 42
88 29
34 41
31 27
11 27
31 8
29 7
L. Edwards, H.P. Bell / International Journal of Pavement Research and Technology 9 (2016) 102–111 111The devices that work well for AC pavements are the GPR
devices, but these devices have diﬃculty penetrating
through PCC pavements. Conversely, the devices that
work well for PCC pavements do not perform as well on
AC pavements. Generally, calibration by taking cores
and recalculating the thickness data improved the perfor-
mance of the devices. Coring in one location per pavement
type is recommended for calibration of all devices for
improved accuracy.
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